The brown marmorated stink bug, Halyomorpha halys (Stå l), is an invasive pest from Asia that feeds on many agricultural crops in the United States, including blueberries. Yet, the effects of H. halys feeding on fruit chemistry and induced resistance to insects remain unknown. Here we hypothesized that frugivory by H. halys changes fruit chemical composition, which in turn affects insect feeding behavior. In field experiments, blueberry fruit was either mechanically injured or injured by 0 (control), 2, 5, or 10 H. halys. Total soluble solids ( Brix) and anthocyanin and phenolic content in injured and uninjured fruits, as well as their effects on feeding behavior by conspecifics, were measured subsequently in the laboratory. Results showed lower Brix values in injured fruit as compared with uninjured fruit. Fruit injured by 2 and 5 H. halys also had 32 and 20% higher total phenolics, respectively, than the uninjured controls. The proportions of the anthocyanins derived from delphinidin, cyanidin, and petunidin increased, whereas those from malvidin decreased, in fruit after mechanical wounding and frugivory by H. halys. In dual-choice tests, H. halys fed more often on uninjured fruit than those previously injured by conspecifics. These results show that frugivory by H. halys reduces the amounts of soluble solids, alters anthocyanin ratios, and increases levels of phenolics, and, as a result, injured fruits were a less preferred food source for conspecifics. To our knowledge, this is the first study to investigate the effects of frugivory on fruit chemistry and induced fruit resistance against a fruit-eating herbivore.
Plants possess various mechanisms to reduce insect damage, including physical and chemical resistance traits (Strauss and Agrawal 1999 , Walling 2000 , Mithö fer and Boland 2012 . These traits can be expressed constitutively, i.e., at all times, or can be inducible, i.e., produced in greater quantities after herbivore feeding (Karban and Myers 1989 , Karban and Baldwin 2007 , Agrawal et al. 2002 , Fü rstenberg-H€ agg et al. 2013 ). To date, most studies on induced resistance have focused on the effects of herbivory on vegetative tissues, while much less attention has been paid on its effects on reproductive structures, such as flowers and fruits. Although some studies have shown that folivory can reduce fruit herbivory (McCall and Karban 2006, Whitehead and Poveda 2011) , little is known on the effects of frugivory on induced responses in fruit and its consequences on fruit-feeding insects.
Plant secondary metabolites, such as phenolics and anthocyanins, can have a direct effect on the survival, development, and behavior of insect herbivores (War et al. 2012) . Phenolics, including phenolic acids, flavonoids, and catechins, are carbon-based secondary metabolites found in large amounts in plant tissues that play important roles in resisting environmental stresses like water shortage, pollution, and herbivore attack (Hahlbrock and Scheel 1989, Simmonds 2003) . Phenolic accumulation in plants can be induced by insect feeding (Fields and Orians 2006, Huang et al. 2014) , and phenolics often act as anti-feedants and toxins against insect herbivores (Mullin et al. 1991 , Appel 1993 , Lattanzio et al. 2006 , Koul 2008 . Anthocyanins are water-soluble pigments of the flavonoid class that are found in all higher plants, mostly in flowers and fruits but also in leaves, stems, and roots (Andersen and Jordheim 2006) .
In addition to giving the red, blue, and purple colors of fruits and vegetables, anthocyanins have been shown to affect interactions between plants and insect herbivores, mainly as visual signals (Lev-Yadun and Gould 2009 ), but their role in host-plant resistance is less clear. For example, Costa-Arbul u et al. (2001) found that fecundity of the aphid, Sipha flava (Forbes), was reduced on aphiddamaged leaves, which have higher reddish coloration; however, its survival was not affected by the anthocyanin content in the diet, indicating that other factors are involved in aphid resistance.
The brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), is a polyphagous insect herbivore native to Asia that was introduced into the United States in the mid-1990s (Hoebeke and Carter 2003) . It has now been detected in 41 states in the United States, as well as the District of Columbia and parts of Canada and Europe (Leskey et al. 2016) . This insect has become a major agricultural pest due to its wide host range, causing damage to a variety of crops including tree fruits, vegetables, field crops, as well as small fruits like blueberries and caneberries (Leskey et al. 2012 , Wiman et al. 2015 . It is also an urban nuisance due to its overwintering behavior: H. halys adults overwinter in homes (Leskey et al. 2012) . Both H. halys nymphs and adults pierce plant tissues with their mouthparts, inject saliva with digestive enzymes while feeding, and suck their nutrients, leading to necrotic spots on fruits and leaf surfaces (Leskey et al. 2012 , Rice et al. 2014 , Wiman et al. 2015 ; this feeding behavior may result also in secondary infections (Jones and Lambdin 2009) . Although H. halys can feed on most plant structures, such as leaves and stems, it primarily feeds on the fruits (Rice et al. 2014) .
In addition to their sweet flavor, highbush blueberries (Vaccinium corymbosum L.) produce fruits with high antioxidant capacity and high concentration of anthocyanin and other phenolic compounds (You et al. 2011) , which makes them one of the most desirable and nutritious fruits for human consumption. A significant positive relationship has been reported between antioxidant capacity and the content of anthocyanin and phenolics in ripened blueberries (Kalt et al. 2001) . In an earlier study, Wiman et al. (2015) showed that feeding injury by H. halys increases levels of external discoloration, decreases berry weights, and lowers soluble solids (e.g., sugars) in blueberry fruits. However, the effects of H. halys frugivory on anthocyanin and phenolic content and induced insect resistance in blueberries have yet to be explored.
In the present study, we investigated the effects of H. halys feeding on fruit primary and secondary metabolites and its consequences on conspecific feeding. We hypothesized that H. halys feeding alters blueberry fruit quality, which in turn affects their preference by conspecifics. Understanding these frugivore-fruit interactions may uncover potential impacts of fruit herbivory on fruit quality, as well as reveal novel mechanisms of host-plant resistance. Our specific objectives were twofold: 1) to investigate the effects of H. halys feeding injury on blueberry fruit chemical composition by measuring total soluble solids, pH, sugar composition, and total anthocyanin and phenolic content; and 2) to evaluate the effects of H. halys injury on conspecific feeding behavior.
Materials and Methods

Plant Material and Insects
Highbush blueberry (V. corymbosum) fruits were obtained from 'Bluecrop' (a mid-season maturing variety) and 'Elliott' (a late-season maturing variety) fields at the Rutgers P.E. Marucci Blueberry and Cranberry Experiment Station in Chatsworth, NJ, USA.
A H. halys colony was initiated in 2012 from individuals collected from blueberry fields around Hammonton, NJ, USA, and was maintained in 30. 
Halyomorpha halys Feeding Injury
Fruits were artificially infested with H. halys in the field by covering individual clusters of berries, soon after fruit set, with sleeve cages (16.5 by 25.4-cm white organza fabric bags; Your Organza Bag, Los Angeles, CA), as described in the article by Wiman et al. (2015) . This method prevented other insects from injuring the fruit. Before placing the bags, clusters were thinned to 10 berries per cluster to standardize sample size. In total, 5 bags were placed on each of 20 blueberry bushes. Halyomorpha halys were then added to each bag at densities of: 0 (control), 2, 5, or 10 individuals; both late-instar nymphs and adults were used in consistent numbers across treatments to inflict injury to fruits because these were the most damaging stages and are both present in fields from June-August in NJ (Nielsen et al. 2011) , including blueberries (J. Parker, unpublished data). Halyomorpha halys were replaced each week. In addition, a mechanical injury treatment was included by pricking each blueberry fruit in the cluster 10-15 times with a needle to mimic stink bug feeding; this injury was consistent with the number of feeding/ probing sites on berries fed upon by stink bugs. Each treatment was replicated 4-5 times per week. Blueberry fruit (var. Bluecrop and Elliott) was harvested weekly for 2 mo (total of 8 wk, 135 cluster samples) from early June through early August 2013. Fruit samples were collected 7 d after H. halys feeding, placed in polyethylene bags, and then transported to the laboratory in a cooler with ice packs for chemical analysis. All the samples were stored at À20 C until extraction and analysis of sugars, pH, anthocyanins, and phenolics. In a separate experiment, blueberry fruits were treated with 0 (controls) or 5 H. halys, as described above, for 1 and 3 d (10 berry clusters/treatment). Subsequently, half of these fruits were used to determine total soluble solids (from fruit harvested 1 and 3 d after H. halys feeding), and other half for behavioral assays (from fruit harvested 3 d after H. halys feeding).
Chemical Analysis
Sample Extraction and Total Soluble Solids Total soluble solids ( Brix) and pH of sampled fruits were determined using a manual refractometer following the methodology described by Rodriguez-Saona and Wrolstad (2001) . For sugar, anthocyanin, and phenolic analyses, frozen blueberry samples were weighed, then immediately placed in liquid nitrogen and homogenized in a blender for 1 min into powder. After that, two volumes of pure acetone were added to the blueberry powder and homogenized for another 2 min. This solution was then vacuum-filtered using a Buchner funnel with Whatman #4 filter paper and re-extracted with aqueous acetone (30:70 v/v) until it was clear. The extracted solution was then placed in a separatory funnel and mixed with 2 volumes of chloroform and stored at room temperature (20 C) overnight to allow for maximum separation. The top layer (containing the sugars, anthocyanins, and other phenolics) was collected and evaporated using a Buchi rotary evaporator (Brinkman Instruments, Inc., Westbury, NY) at 40 C to remove any residual acetone. The final volume of extract was documented for future calculations.
Monomeric Anthocyanin Content
We used a pH differential method to measure monomeric anthocyanin content (Giusti and Wrolstad 2001) . Buffer solutions were prepared using 0.025 M potassium chloride at pH 1.0 and 0.4 M sodium acetate at pH 4.5. Absorbance was measured using UV-2450 Shimadzu Spectrophotometer (Shimadzu, Kyoto, Japan) at k max and 700 nm in buffers at pH 1.0 and 4.5, using
, with a molar absorptivity (e) of cyaniding-3-glucoside (C-3-G) of 29600. Results were expressed as milligrams of equivalent C-3-G per gram of fresh weight, using mo-
, where MW ¼ molecular weight and DF ¼ dilution factor.
Anthocyanin Purification and Analysis
The aqueous solution was semipurified using a C-18 Sep-Pak cartridge (Waters Corp, Milford, MA) before further analysis. The column was previously activated by 2 volumes methanol, followed by 3 volumes acidified distilled water (Rodriguez-Saona and Wrolstad 2001). Then 3 ml of aqueous anthocyanin extract was loaded and washed by 2 volumes acidified water. Sugars and acids were collected at this step. The anthocyanins and phenolics were eluted by acidified methanol. The mix was evaporated until dryness and the pigments were dissolved in acidified deionized water (RodriguezSaona and Wrolstad, 2001 ). Separation and identification of blueberry anthocyanins was conducted by a Shimadzu LCMS-2010 EV HPLC-MS (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) equipped with LC-20AD pumps and a SIL-20AC autosampler coupled to an LCMS Shimadzu 2010 EV mass spectrometer using a SPDM20A photodiode array detector. A reverse-phase symmetry C18 (150 by 4.6 mm) column (Kinetex) was used. Samples and solvents were filtered through a 0.2-lm RC membrane filter (Phenomenex, Torrance, CA). Samples were run at 0.8 ml/min and a 75 ll injection volume.
Separation of anthocyanins was achieved using a gradient from 0-1 min, 6% B; 1-20 min, 6 to 11.5% B; 20-28 min, 11.5 to 16.5% B; 28-33 min, 16.5 to 30% B; 33-37 min, 30 to 10% B; 37-42 min, 10 to 10% B. The mobile phase consisted of solvent (A) 4.5% (v/v) formic acid in HPLC water and solvent (B) 100% HPLC-grade acetonitrile. Anthocyanins were measured at 520 nm. Spectral data of anthocyanins were collected at 250-700 nm. Mass spectrometry analysis was performed under positive ion mode with the following settings: nebulizing gas flow, 1.5 L/min; interface bias, þ4.5 kV. A full scan was performed with a mass range from 100-800 m/z, and selective ion monitoring was used to search for molecular ions of the common anthocyanidins under positive ion mode.
Total Phenolic Content
Following methods described by Waterhouse (2002) , total soluble phenolics measurement in fruit extract was carried out using FolinCiocalteu (FC) method expressed by gallic acid equivalent (GAE).
Gallic acid dilutions and 20 ll samples were added to separate 3-ml plastic cuvettes, one set for the standard curve and one set for sample testing. All of the cuvettes were then filled with 1.58 ml of distilled water. Next 100 ll of FC reagent was added and allowed to sit for about 5 min. Last, 300 ll of a 20% sodium carbonate solution was pipetted into each cuvette. The mixture was allowed to sit for 2 h. Absorbance was measured at 765 nm using the UV-2450 Shimadzu spectrophotometer. Total phenolics were expressed as GAE.
Sugar Composition
The identification and concentration of sugars were detected by a semi-preparative HPLC (Shimadzu, Kyoto, Japan) system equipped with LC-6AD pumps and a SIL-20A autosampler using a RID-10A refractive index detector. Collected sugar extract was filtered through a membrane filter with pore size of 0.2 lm (Phenomenex). Sugars were separated by a monosaccharide calcium column (250 by 4.6 mm, particle size -5 lm) and detected by their refractive index. HPLC water was used as eluent while column temperature was held at 80 C. Samples were run at 0.6 ml/min and a 50 ll injection volume. Calibration curve was acquired after two repeated HPLC runs of six standard solutions of reference compounds. The calibration equations of fructose, glucose, and sucrose were Y ¼ 2:0Â10 6 x À 32483; Y¼1:7Â10 6 x À 29418; and Y¼3:3Â10 6 x À 21370, respectively. Sugars were identified by comparison with retention times of pure standards.
Behavioral Assays
Choice assays were conducted to investigate the preference of H. halys for fruit with and without prior feeding damage. These experiments were done on a bench beneath fluorescent lights in the laboratory (approximately 22 C, 70% RH, and a photoperiod of Franklin Lakes, NJ). One H. halys nymph (late instars) or adult (<7-d-old; both sexes) was placed in the center of each arena and their position checked every 30 min from 8:00 to 16:00 h, which corresponds to the period when H. halys most actively feeds (Wiman et al. 2014) , for a total of 3 d. Choice tests consisted of one H. halys-injured blueberry fruit and one uninjured fruit. Fruit was injured by 5 H. halys for 3 d, as described above; this treatment was used because it reduced the amounts of total soluble solids in fruit (see Results). As a source of water, a damp cotton ball was placed in the middle of each arena. Experiments were conducted during fruit maturation, in June-July 2013. At each time interval, the number of H. halys found on fruit feeding (i.e., individuals were observed performing probing behaviors such as extending and inserting the proboscis inside the fruit), found on fruit but not feeding (i.e., individuals were observed on fruit but their proboscis was retracted), or found elsewhere (i.e., individuals were not on the fruit) was recorded. Each arena was considered a replicate, and the entire assay was replicated a total of 31 times, extended randomly over a 4-5-wk period (n ¼ 10 replications for nymphs, n ¼ 21 replications for adults; sample size for adults was more than twice that for nymphs to increase statistical power, as differences in choice were not detected after using 10 individuals; see Results).
Statistical Analysis
Data were analyzed using SPSS statistics (version 17; SPSS Inc., Chicago, IL) and R statistical environment (R Development Core Team, Vienna, Austria). Because of the number of fruit needed for chemical analysis, fruit samples from different dates were combined based on their degree of maturation. Data on total soluble solids, pH, sugars, total phenolics, and total monomeric anthocyanin were compared among mechanical and insect injury and control treatments using analysis of variance (ANOVA). Proportion data were transformed (arcsine square-root) prior to analysis; no transformations were needed to normalize variances for other data. Following a significant ANOVA, differences between means were compared using Fisher's least significant difference (LSD) tests at a ¼ 0.05. For each individual H. halys adult and nymph in choice tests, we summed the number of times they were observed feeding on fruit, on fruit but not feeding, and away from the fruit. Differences in the mean number of times observed performing each of the behavioral events were then compared for all individuals tested using paired t-tests.
Results
Chemical Analysis
Total Soluble Solids Total soluble solids ( Brix) in blueberry fruit were reduced by $20
and 35% as compared with uninjured fruit after 24 and 72 h of H. halys feeding injury, respectively (treatment effect: F ¼ 38.23, df ¼ 1,106, P < 0.001; time effect: F ¼ 69.27, df ¼ 1,106, P < 0.001; treatment Â time interaction: F ¼ 0.64, df ¼ 1,106, P ¼ 0.42; Fig. 2 ). Fruit pH ranged between 3 and 3.5, with no significant differences between insect-injured and uninjured fruit treatments (P > 0.05).
Anthocyanin Content
Only results from mature fruit are presented here because immature fruit had little to no anthocyanin content (data not shown). Although the control treatment had the lowest mean anthocyanin content, there were no significant differences among treatments (mean mg/100g FW 6 SD for control ¼ 118. 
The major anthocyanins were derived from four different anthocyanidins (delphinidin, cyanidin, petunidin, and malvidin), each of them monoglycosylated with one of three different types of glycosylation (glucose, galactose, and arabinose). The proportions of the different anthocyanins in blueberry fruit varied depending on whether injury was mechanical or from H. halys feeding (Table 1) . For example, fruit injured mechanically or by five H. halys showed differences in proportions of the aglycones delphinidin, cyanidin, petunidin, and malvidin as compared with the controls: delphinidin, cyanidin, and petunidin increased with injury, whereas malvidin levels decreased (Table 1 ). Fruit injured by 10 H. halys also had higher levels of delphinidin and cyanidin but lower levels of malvidin as compared with the controls (Table 1) . At the lowest level of H. halys injury, i.e., 2 individuals per 10 berries, only delphinidin levels increased. No differences were found among treatments in levels of galactose (Fisher's LSD, P > 0.05; Table 1); however, levels of glucose increased after mechanical injury (P < 0.05; Table 1), while levels of arabinose increased by H. halys feeding (P < 0.05; Table 1 ).
Phenolic Content
Because total soluble solid contents ( Brix) and surface color (anthocyanin content) vary according to fruit maturation (Beghi et al. 2013) , prior to phenolic analysis, fruit samples were divided into two groups based on their Brix values: 1) mature, ripened, fruit with Brix higher than 7 (range between 7 and 12.7; mean 6 SD ¼ 9.8 6 1.5) and exhibiting red to blue coloration; and 2) immature, unripe, fruit with Brix less than 7 or no red color developed. For immature fruit, total phenolic content values ranged from 307.8 to 510.3 mg GAE/100 g FW (Table 2) . Immature fruit injured mechanically had significantly lower total phenolic content (Fisher's LSD, P < 0.05) as compared with H. halys-injured treatments and controls; however, H. halys-injured fruit had similar phenolic content as compared with the controls (Fisher's LSD, P > 0.05; Table 2 ). For mature fruit, total phenolic content values ranged from 211.9 to 279.9 mg GAE/100 g FW (Table 2 ). There was also an effect of treatment on the levels of total phenolics in mature fruit; however, this effect was different than for immature fruit. Total phenolic content in mature fruit was 20-30% higher in fruit injured by 2 and 5 H. halys as compared with the uninjured fruit, fruit injured mechanically, and those injured by 10 H. halys (Fisher's LSD, P < 0.05; Table 2 ).
Sugar Composition
The main sugars in blueberries were fructose and glucose, with small amounts of sucrose (data not shown). Halyomorpha halys feeding or mechanical injury had, however, no effect on either the amounts of these sugars in fruit as compared with the controls (fructose 
Behavioral Assays
Halyomorpha halys adults were observed 63% of the time off the fruits, and while on the fruit, only $20% of these observations consisted of feeding events (Fig. 3A) . Although they were observed $60% more times feeding on uninjured fruit than on H. halysinjured fruit, this difference was not statistically significant (t ¼ 0.95, df ¼ 20, one-tailed P ¼ 0.34). There were no differences in the times adults were observed on fruits but not feeding (t ¼ 0.23, df ¼ 20, one-tailed P ¼ 0.81) or the times they were observed off the fruits (t ¼ 0.62, df ¼ 20, one-tailed P ¼ 0.54) between uninjured or H. halys-injured fruits (Fig. 3A) .
On the other hand, H. halys nymphs were observed less frequently (only 44%) off the fruits, and were observed more often ($34% more times) feeding on the fruit, than adults (Fig. 3B) .
While on the fruits, nymphs were observed significantly more ($90%) times feeding on uninjured fruits than on H. halys-injured fruits (t ¼ 2.98, df ¼ 9, one-tailed P ¼ 0.01). Nymphs were also observed more times on uninjured fruits but not feeding than on injured fruits; however, this difference was only marginal (t ¼ 2.05, df ¼ 9, one-tailed P ¼ 0.07; Fig. 3B ). No differences were observed on the frequency nymphs were observed off the fruit (t ¼ 0.32, df ¼ 9, one-tailed P ¼ 0.75) between uninjured and H. halys-injured fruits (Fig. 3B) . Table 1 . Proportion (%) 6 SD of anthocyanidin and glycosylation products in blueberry fruit after feeding injury by 2, 5, and 10 Halyomorpha halys, mechanical injury, and from uninjured fruit (control) Different letters within columns indicate statistical differences among treatments (LSD tests, a ¼ 0.05). Fig. 3 . Frequency of Halyomorpha halys adults (A) and nymphs (B) feeding on blueberry fruit ("on berry feeding"), on fruit but not feeding ("on berry not feeding"), and elsewhere ("off berry") when given two choices between uninjured fruit versus fruit previously injured by H. halys. n.s. ¼ no significant difference between uninjured and injured fruit (t-tests, P > 0.05); * ¼ significant difference between uninjured and injured fruit (t-tests, P 0.05). N ¼ 10 and 21 replicates for nymphs and adults, respectively.
Discussion
The effects of frugivory on fruit chemical composition and on future preference by frugivorous insects remain largely unknown. To our knowledge, this study is the first to investigate the effects of frugivory on fruit chemistry and induced fruit resistance against a fruiteating herbivore. We demonstrated that feeding by H. halys reduces the total amounts of soluble solids, alters the proportion of anthocyanins, and increases levels of phenolics in blueberry fruit, but had no effects on pH and levels of fructose and glucose, or their ratios. As a result, blueberry fruit previously injured by H. halys exhibited increased antixenosis, i.e., they were less preferred for feeding by conspecific nymphs.
Total amounts of soluble solids ( Brix) in blueberry fruit decreased after 24 and 72 h of H. halys feeding. Wiman et al. (2015) also reported a decrease in Brix values 1 wk after H. halys feeding.
Our data, together with these previous data, show consistent decline in the amount of total soluble solids in fruit after short (1 d) and long (7 d) periods of H. halys feeding. However, we did not find differences in the amounts and ratios of two major sugars, fructose and glucose, between injured (either by herbivory or mechanical) and uninjured blueberry fruit after 7 d of treatment. Even though sugars are an important contributor to the Brix values, other components in fruit such as proteins, salts, acids, etc., could have contributed to these values. Despite these inconsistencies in the content and composition of sugars, results from Wiman et al.'s (2015) and our study suggest a potential decline in the nutritional quality of fruits injured by H. halys. These effects might be caused by the activity of digestive enzymes injected in the fruit that breakdown these nutrients, and their removal from fruit by the insects while feeding (Peiffer and Felton 2014; Wiman et al. 2014) . Other authors have reported decreases in total soluble solids in fruits due to folivory. For example, Casierra-Posada et al. (2013) showed a decrease in total soluble solids in fruits of defoliated strawberry plants. It is likely, however, that the mechanisms resulting in reduced soluble solids in fruits due to frugivory and folivory are different. We also demonstrated in this study that mechanical injury and H. halys feeding change the proportions of anthocyanin glycosides, but not total anthocyanin content, in blueberry fruit. The anthocyanin glycosides delphinidin, petunidin, and malvidin were the major contributors to total anthocyanin content and color of blueberry fruits, whereas cyanidin was a minor component. Under frugivory by H. halys, the proportions of delphinidin, petunidin, and cyanidin derivatives increased, whereas the proportion of malvidin derivatives decreased. In general, delphinidin produces a unique mauve-violet color, petunidin produces dark-red or purple color, and cyanidin produces red color, while malvidin is corresponding to a bluish hue (Schwartz et al. 2007) . Thus, H. halys feeding may cause a shift in the visible color spectrum from a longer wavelength to a shorter wavelength, resulting in a change in fruit coloration from purple/blue to orange/red at the site of feeding. In fact, Wiman et al. (2015) reported discoloration of blueberry fruit under H. halys feeding. Similarly, Kuhar et al. (2012) reported discoloration of corn kernels after H. halys feeding damage. Whether anthocyanins play a role in resistance against herbivores in blueberries is unknown. However, Gould et al. (2008) indicated that anthocyanins are more critical as visual cues for herbivores in host location than in hostplant resistance per se. This is supported by the fact that H. halys infestation or mechanical damage did not alter the total amounts of anthocyanins but their proportions, resulting in a change in redder fruit color. Feeding by piercing-sucking insects in the order Hemiptera may cause removal of chlorophyll from the palisade cells (Putnam 1941) . In fact, Beers et al. (1995) reported redder and more mature fruit following folivory by the white apple leafhopper, Typhlocyba pomaria McAtee, in apples. Therefore, it is likely that, through mechanical action and/or that of salivary secretions (Wiman et al. 2014) , H. halys feeding causes discoloration of blueberry fruit via changes in anthocyanin composition.
Immature blueberry fruit had 1.5-2Â higher (and more variable) levels of phenolics than mature fruit, but H. halys feeding did not affect total phenolic content in these fruits, indicating that unripe fruits might rely on constitutive rather than inducible resistance. In contrast, total phenolic content in mature blueberry fruit increased after frugivory by H. halys. Similar effects have been reported previously for folivores. For example, Silva et al. (2005) found that feeding by the froghopper Mahanarva fimbriolata (Stål) increases levels of phenolics on sugarcane leaves. Phenolic induction is regulated by the jasmonate pathway (Ruiz-Garc ıa et al. 2013), and Peiffer and Felton (2014) showed that sheath saliva of H. halys elicits jasmonate inducible genes in tomatoes; thus, it is possible that elicitors in the H. halys saliva may activate the jasmonate pathway, leading to increased phenolic production in fruits. Insect feeding, such as that caused by stink bugs, could also increase phenolic content in plant tissues by destroying plant cells, leading to the release of proteinases that breakdown proteins to the aromatic amino acids phenylalanine, tyrosine, and tryptophan, the precursors of phenolic compounds (Buchanan et al. 2000) . Interestingly, phenolic induction in blueberry fruit occurred after injury by 2 or 5 H. halys, but less strongly under higher feeding pressure (e.g., 10 H. halys). A possible explanation is that induction of phenolics in fruits was lessened at some high level of insect feeding injury. This phenomenon has been reported previously in pine trees where monoterpene production increases under attack by low densities of bark beetles; however, after population densities surpass a critical threshold, their production diminishes (Boone et al. 2011 ).
Halyomorpha halys adults and nymphs were observed 2.5-and 10-fold more times, respectively, feeding on uninjured blueberry fruit than on fruit previously injured by conspecifics. These antixenotic effects could be due to a combination of different factors such as a decrease in nutrient quality (sugars and other soluble solids) and/or an increase in phenolic content in H. halys-injured fruit. Stoeckli et al. (2011) also found a positive correlation between shoot infestation by apple aphid (Aphis pomi De Geer) and Brix levels in apple. Phenolic compounds in plants are known to act as feeding deterrents against many insect herbivores (Bennett and Wallsgrove, 1994) . For example, Dreyer and Jones (1981) showed feeding deterrency effects of flavonoids and related phenolics toward the wheat aphid, Shizaphis graminum (Rondani), and the green peach aphid, Myzus persicae (Sulzer). Neto et al. (2010) also demonstrated lower feeding preference of gypsy moth, Lymantria dispar L., larvae for cranberry varieties with higher phenolic content. It is also possible that visual cues, such as changes in fruit coloration, played a role in H. halys food choice; however, we detected differences in probing events that are less likely influenced by vision. In our choice tests, we only evaluated fruit 3 d after feeding by 5 H. halys; thus, further studies are needed to determine the importance of factors such as timing of fruit infestation and insect density on feeding behaviors by conspecifics, as well as the impact of phenolics on stink bug development (antibiosis). Other resistance factors not measured in this paper, such as volatiles, could have also negatively affected H. halys feeding behavior on injured fruits.
In conclusion, this study demonstrates the potential of frugivory by H. halys for altering fruit chemistry and its consequences on feeding behavior by conspecifics. It also provides first insights into the effects of injury by H. halys feeding on blueberry fruit quality and induced resistance in fruits. From a human perspective, high sugar and antioxidant (e.g., phenolics and anthocyanins) content are desirable traits in blueberry fruit. Halyomorpha halys frugivory has the potential to reduce sugar content while increasing phenolic content; follow-up studies are needed to determine whether humans can perceive these changes. Our study also shows that H. halys avoids feeding on fruit previously injured by conspecifics, which may lead to increased spread of injury, as well as disease infections (Jones and Lambdin 2009) , to multiple fruits. Although H. halys has yet to be considered a major pest of blueberries in the United States, Wiman et al (2015) and this study show the potential of this insect to alter blueberry fruit quality, which may have important economic and ecological consequences.
